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Abstract
Primordial nucleosynthesis probes the Universe during its early evo-
lution. Given the progress in exploring the constituents, structure,
and recent evolution of the Universe, it is timely to review the status
of Big Bang Nucleosynthesis (BBN) and confront its predictions,
and the constraints that emerge from them, with those derived from
independent observations of the Universe at much later epochs. Fol-
lowing an overview of the key physics that controls the synthesis of
the elements in the early Universe, the predictions of BBN in the
standard (and some nonstandard) models of cosmology and parti-
cle physics are presented. The observational data used to infer the
primordial abundances are described, with an emphasis on the dis-
tinction between precision and accuracy. These are compared with the
predictions, testing the internal consistency of BBN and enabling
a comparison of the BBN-inferred constraints with those derived
from the cosmic microwave background radiation and large scale
structure data.
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1. INTRODUCTION
As the Universe evolved from its early, hot, dense beginnings (the Big Bang) to its
present, cold, dilute state, it passed through a brief epoch when the temperature
(average thermal energy) and density of its nucleon component were such that nu-
clear reactions were effective in building complex nuclei. Because the nucleon content
of the Universe is small (in a sense to be described below) and because the Universe
evolved through this epoch very rapidly, only the lightest nuclides (D, 3He, 4He, and
7Li) could be synthesized in astrophysically interesting abundances. The abundances
of these relic nuclides provide probes of the conditions and contents of the Universe at
a very early epoch in its evolution (the first few minutes) that would otherwise be hid-
den from our view. The standard model of cosmology subsumes the standard model
of particle physics (specifically, three families of very light left-handed neutrinos,
and their right-handed antineutrinos) and uses general relativity (e.g., the Friedman
equation) to track the time evolution of the universal expansion rate and its matter
and radiation contents. Big Bang Nucleosynthesis (BBN) begins in earnest when the
Universe is a few minutes old and ends less than half an hour later when the nuclear
reactions are quenched by the low temperatures and densities. The BBN-predicted
abundances depend on the conditions at those times (e.g., temperature, nucleon den-
sity, expansion rate, neutrino content, neutrino-antineutrino asymmetry, etc.) and are
largely independent of the detailed processes that established them. Consequently,
BBN can test the standard models of cosmology and particle physics and constrain
their parameters, as well as probe nonstandard physics or cosmology that may alter
the conditions at BBN.
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This review begins with a synopsis of the physics relevant to a description of
the early evolution of the Universe at the epoch of primordial nucleosynthesis, and
with an outline of the specific nuclear and weak-interaction physics of importance for
BBN—in the standard model as well as in the context of some very general extensions
of the standard models of cosmology and/or particle physics. Having established the
framework, we then present our predictions of the relic abundances of the nuclides
synthesized during BBN. Next, the current status of the observationally inferred relic
abundances is reviewed, with an emphasis on the uncertainties associated with these
determinations. The predicted and observed abundances are then compared to test
the internal consistency of the standard model and to constrain extensions beyond the
standard model. Observations of the cosmic microwave background radiation (CMB)
temperature fluctuations and of the large scale structure (LSS) provide probes of the
physics associated with the later evolution of the Universe, complementary to that
provided by BBN. The parameter estimates/constraints from BBN and the CMB
are compared, again testing the consistency of the standard model and probing or
constraining some classes of nonstandard models.
2. A SYNOPSIS OF BIG BANG NUCLEOSYNTHESIS
The Universe is expanding and filled with radiation. All wavelengths, those of the
CMB photons as well as the de Broglie wavelengths of all freely expanding massive
particles, are stretched along with this expansion. Therefore, although the present
Universe is cool and dilute, during its early evolution the Universe was hot and dense.
The combination of high temperature (average energy) and density ensures that col-
lision rates are very high during early epochs, guaranteeing that all particles, with
the possible exception of those that have only gravitational strength interactions,
were in kinetic and thermal equilibrium at sufficiently early times. As the Universe
expands and cools, interaction rates decline and, depending on the strength of their
interactions, different particles depart from equilibrium at different epochs. For the
standard, active neutrinos (νe , νμ, ντ ), this departure from equilibrium occurs when
the Universe is only a few tenths of a second old and the temperature of the photons,
e± pairs, and neutrinos (the only relativistic, standard model particles populated at
that time) is a few MeV. Note that departure from equilibrium is not sharp and colli-
sions among neutrinos and other particles continue to occur. When the temperature
drops below T 2–3 MeV, the interaction rates of neutrinos with CMB photons and
e± pairs become slower than the universal expansion rate (as measured by the Hubble
parameter H), and the neutrinos effectively decouple from the CMB photons and
e± pairs. However, the electron neutrinos (and antineutrinos) continue to interact
with the baryons (nucleons) via the charged-current weak interactions until the Uni-
verse is a few seconds old and the temperature has dropped below ∼0.8 MeV. This
decoupling, too, is not abrupt; the neutrinos do not “freeze out” (see Figure 1).
Indeed, two-body reactions among neutrons, protons, e±, and νe (ν¯e ) continue
to influence the ratio of neutrons to protons, albeit not rapidly enough to allow the
neutron-to-proton (n/p) ratio to track its equilibrium value of n/p = exp(−m/T ),
where the neutron-proton mass difference is m = mn − mp = 1.29 MeV. As a result,
www.annualreviews.org • Primordial Nucleosynthesis 465
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Figure 1
The time-temperature
evolution of the
neutron-to-proton (n/p)
ratio. The solid red curve
indicates the true variation.
The steep decline at a few
hundred seconds is the
result of the onset of BBN.
The dashed blue curve
indicates the equilibrium
n/p ratio exp(−m/T ), and
the dotted gray curve
indicates free-neutron decay
exp(−t/τn).
the n/p ratio continues to decrease from ∼1/6 at freeze out to ∼1/7 when BBN begins
at ∼200 s (T ≈ 80 keV). Because the neutrinos are extremely relativistic during these
epochs, they may influence BBN in several ways. The universal expansion rate (the
Hubble parameter H) is determined through the Friedman equation by the total
energy density, which, during these early epochs, is dominated by massless particles
in addition to those massive particles that are extremely relativistic at these epochs:
CMB photons, e± pairs, and neutrinos. The early Universe is radiation dominated
and the neutrinos constitute a significant component of the radiation. In addition,
through their charged-current weak interactions, the electron-type neutrinos help
control the fraction of free neutrons available, which, as we see below, effectively
limits the primordial abundance of 4He.
Although the e± pairs annihilate during the first few seconds when T  me, the
surviving electrons (the excess of electrons over positrons), equal in number to the
protons to ensure charge neutrality, remain coupled to the CMB photons via Comp-
ton scattering. Only after the electrons and the nuclides (mainly protons and alphas)
combine to form neutral atoms at “recombination” are the CMB photons released
from the grasp of the electrons to propagate freely. This occurs when the Universe is
some 400,000 years old, and the relic photons—redshifted to the currently observed
black body radiation at T = 2.725 K—provide a snapshot of the Universe at this
early epoch. At this relatively late stage (in contrast to BBN) in the early evolution
of the Universe, the freely propagating, relativistic neutrinos contribute to the ra-
diation density, influencing the magnitude of the universal expansion rate (e.g., the
time-temperature relation). Note that if the neutrino masses are sufficiently large,
the neutrinos will have become nonrelativistic prior to recombination, and their free
streaming would have the potential to damp density fluctuations in the baryon fluid.
The important topic of neutrino masses is not addressed here (for recent reviews see
Reference 1); for our analysis, it is sufficient to assume that mν  few eV.
The primordial abundances of the relic nuclei produced during BBN depend on
the baryon (nucleon) density and on the early-Universe expansion rate. The amplitude
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and angular distribution of the CMB temperature fluctuations depend on these same
parameters (as well as on several others). The universal abundance of baryons may
be quantified by comparing the number density of baryons (nucleons) to the number
density of CMB photons,
η10 ≡ 1010(nB/nγ ). 1.
As the Universe expands, the densities of baryons and photons both decrease, whereas,
according to the standard model, after e± annihilation, the numbers of baryons and
CMB photons in a comoving volume are unchanged. As a result, in the standard
model, η10 measured at present, at recombination, and at BBN are the same. Any
departure would be a sign of new physics/cosmology beyond the standard models.
This is one of the key cosmological tests. Because the baryon mass density (ρB ≡ 	Bρc ,
where ρc = 3H20 /8πGN is the present critical mass density, H0 is the present value
of the Hubble parameter, and GN is the Newton constant) plays a direct role in the
growth of perturbations, it is equally convenient to quantify the baryon abundance
using a combination of 	B and h, the present value of the Hubble parameter measured
in units of 100 km s−1 Mpc−1,
η10 = 274 ωB ≡ 274 	Bh2. 2.
Until very recently, the comparison between the observationally inferred and the
BBN-predicted primordial abundances, especially the relic abundance of D, provided
the most accurate determination of η10. However, this has now changed as a result
of the very high-quality data from a variety of CMB experiments (2), complemented
by observations of LSS (3). At present, the best non-BBN value (see References 2
and 3) is 	Bh2 = 0.0223 ± 0.0007, corresponding to η10 = 6.11 ± 0.20. This value
is used below to predict the relic abundances for comparison with the observational
data (and vice versa).
The Hubble parameter, H = H(t), measures the expansion rate of the Universe.
Deviations from the standard model (H → H ′) may be parameterized by an expan-
sion rate parameter, S ≡ H′/H. In the standard model, during the early radiation-
dominated evolution, H is determined by the energy density in relativistic particles
so that deviations from the standard cosmology (S = 1) may be quantified equally
well by the “equivalent number of neutrinos,” Nν ≡ Nν − 3:
ρR → ρ ′R ≡ ρR + Nνρν. 3.
Prior to e± annihilation, these two parameters are related by
S = (1 + 7Nν/43)1/2. 4.
Nν and S are equivalent ways to quantify any deviation from the standard model ex-
pansion rate; Nν is not necessarily related to extra (or fewer) neutrinos. For example,
if the value of the gravitational constant, GN, was different in the early Universe from
its value at present, S = (G′N/GN)1/2, and GN/GN = 7Nν/43 (4, 5). Changes
(from the standard model) in the expansion rate at BBN will modify the neutron
abundance and the time available for nuclear production/destruction, changing the
BBN-predicted relic abundances.
www.annualreviews.org • Primordial Nucleosynthesis 467
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Although most models of particle physics beyond the standard model adopt (or
impose) a lepton asymmetry of the same order of magnitude as the (very small) baryon
asymmetry ( nB−nB¯nγ = 10−10η10), lepton (neutrino) asymmetries that are orders of mag-
nitude larger are currently not excluded by any experimental data. In analogy with
η10, which provides a measure of the baryon asymmetry, the lepton (neutrino) asym-
metry, L = Lν ≡ α Lνα (α ≡ e, μ, τ ), may be quantified by the ratios of the neutral
lepton chemical potentials to the temperature (in energy units) ξνα ≡ μνα /kT, where
Lνα ≡
(
nνα − nν¯α
nγ
)
= π
2
12ζ (3)
(
Tνα
Tγ
)3
ξνα
(
1 +
(
ξνα
π
)2)
. 5.
Although any neutrino degeneracy always increases the energy density in the
neutrinos, resulting in an effective Nν > 0, the range of |ξνα | of interest to BBN is
limited to sufficiently small values that the increase in S arising from a nonzero ξνα
is negligible and Tνα = Tγ prior to e± annihilation (6). However, a small asymmetry
between electron-type neutrinos and antineutrinos (|ξe | ∼ 10−2), although very
large compared to the baryon asymmetry, can have a significant impact on BBN by
modifying the pre-BBN n/p ratio. Because any charged lepton asymmetry is limited
by the baryon asymmetry to be very small, any non-negligible lepton asymmetry
must be among the neutral lepton, the neutrinos. For this reason, in the following,
the subscript ν will be dropped (ξνα ≡ ξα).
2.1. Big Bang Nucleosynthesis Chronology
When the Universe is only a fraction of a second old, at temperatures above sev-
eral MeV, thermodynamic equilibrium has already been established among the key
BBN players: neutrinos, e± pairs, photons, and nucleons. Consequently, without
loss of generality, discussion of BBN can begin at this epoch. Early in this epoch,
the charged-current weak interactions proceed sufficiently rapidly to keep the n/p
ratio close to its equilibrium value (n/ p)eq = e−m/T . Note that if there is an asym-
metry between the numbers of νe and ν¯e , the equilibrium n/p ratio is modified to
(n/p)eq = exp(−m/T −μe/T ) = e−ξe (n/p)0eq . As the Universe continues to expand
and cool, the lighter protons are favored over the heavier neutrons and the n/p ratio
decreases, initially tracking the equilibrium expression. However, as the temperature
decreases below T ∼ 0.8 MeV, when the Universe is ∼1 s old, the weak interactions
have become too slow to maintain equilibrium, and the n/p ratio, while continuing
to fall, deviates from (exceeds) the equilibrium value (see Figure 1). Because the n/p
ratio depends on the competition between the weak-interaction rates and the early-
Universe expansion rate (as well as on a possible neutrino asymmetry), deviations
from the standard model (e.g., S = 1 and/or ξe = 0) will change the relative numbers
of neutrons and protons available for building the complex nuclides.
Simultaneously, nuclear reactions among the neutrons and protons (e.g., n + p ↔
D + γ ) are proceeding very rapidly (nuc 	 H ). However, any D synthesized by this
reaction finds itself bathed in a background of energetic γ rays (the CMB blueshifted
to average photon energies Eγ ∼ 3Tγ  few MeV), and before another neutron or
proton can be captured by the deuteron to begin building more complex nuclei, the
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Figure 2
The time-temperature
evolution of the deuteron
abundance (the D/H ratio).
The curves are labeled by
the corresponding baryon
abundances η10.
deuteron is photodissociated and BBN remains stillborn. This bottleneck to BBN
persists until the temperature drops even further below the deuteron binding energy,
when there are too few sufficiently energetic photons to photodissociate the deuteron
before it captures additional nucleons, launching BBN in earnest. This transition
(smooth, but rapid) occurs after e± annihilation, when the Universe is now a few
minutes old and the temperature has dropped below ∼80 keV. In Figure 2, the time
evolution of the ratio of deuterons to protons (D/H) is shown as a function of time;
note the very rapid rise of the deuteron abundance. Once BBN begins, neutrons and
protons quickly combine to build D, 3H, 3He, and 4He. The time evolution of the
4He (α-particle) abundance is shown in Figure 3; note that the rapid rise in 4He
follows that in D. Because 4He is the most tightly bound of the light nuclides and
0.1
0.2
0.3
0.4
0.5
265 134 66 32 17
0
T (keV)
Y
101 102 103 104
3.0
5.6
8.2
t (s)
Figure 3
The time-temperature
evolution of the 4He
abundance Y ≡ 4y/(1 + 4y),
where y ≡ nHe/nH. The
curves are labeled by the
corresponding baryon
abundances η10.
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Figure 4
The time-temperature
evolution of the mass-7
abundances. The solid
curves are for direct
production of 7Be, and the
dashed curves are for direct
production of 7Li. The
curves are labeled by the
corresponding baryon
abundances, η10.
because there are no stable mass-5 nuclides, a new bottleneck appears at 4He. As a
result, the nuclear reactions quickly incorporate all available neutrons into 4He, and
the 4He relic abundance is limited by the availability of neutrons at BBN. As may be
seen in Figure 3, the 4He abundance is very insensitive to the baryon abundance.
To jump the gap at mass-5 requires Coulomb-suppressed reactions of 4He with
D, 3H, or 3He, guaranteeing that the abundances of the heavier nuclides are severely
depressed below that of 4He (and even that of D and 3He). The few reactions that
do manage to bridge the mass-5 gap lead mainly to mass-7, producing 7Li and 7Be.
Later, when the Universe has cooled further, 7Be captures an electron and decays to
7Li. As seen in Figure 4, direct production of 7Li by 3H(α, γ ) 7Li reactions dominates
at low baryon abundance (η10  3), whereas direct production of 7Be via 3He(α, γ )
7Be reactions dominates at higher baryon abundance (η10  3). For the range of η10 of
interest, the BBN-predicted abundance of 6Li is more than three orders of magnitude
below that of the more tightly bound 7Li. Finally, there is another gap at mass-
8, ensuring that during BBN no heavier nuclides are produced in astrophysically
interesting abundances.
The primordial nuclear reactor is short lived. As seen from Figures 2–4, as the
temperature drops below T  30 keV, when the Universe is ∼20 min old, Coulomb
barriers and the absence of free neutrons (almost all those present when BBN began
have been incorporated into 4He) abruptly suppress all nuclear reactions. Afterward,
until the first stars form, no relic primordial nuclides are destroyed (except that 3H
and 7Be are unstable and decay to 3He and 7Li, respectively) and no new nuclides are
created. In ∼1000 s, BBN has run its course.
2.2. Standard Big Bang Nucleosynthesis–Predicted Abundances
For standard Big Bang Nucleosynthesis (SBBN), where S = 1 (Nν = 3) and ξe = 0,
the BBN-predicted primordial abundances depend on only one free parameter, the
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10–0 Figure 5
The SBBN-predicted
primordial abundances of
D, 3He, and 7Li (relative to
hydrogen by number), and
the 4He mass fraction (YP),
as functions of the baryon
abundance parameter η10.
The widths of the bands
(including the band for YP!)
reflect the uncertainties in
the nuclear and
weak-interaction rates.
baryon abundance η10. In Figure 5, the SBBN-predicted relic abundances of D,
3He, 4He, and 7Li as a function of η10 are shown. The trends revealed in Figure 5
are easily understood on the basis of the preceding discussion. For example, D, 3H,
and 3He are burned to 4He, and the higher the baryon abundance, the faster are
D and 3He burned away and the smaller are their surviving abundances. Because
the 4He abundance is limited by the abundance of neutrons, the primordial 4He
mass fraction is very insensitive to η10, YP ≡ 4y/(1 + 4y) ≈ 2(n/p)BBN1+(n/p)BBN ≈ 1/4 (see
Figure 3), where y ≡ nHe/nH. Of course, defined this way, YP is not really the
mass fraction because this expression adopts precisely 4 for the 4He-to-H mass ra-
tio. However, the reader should be warned that YP defined this way is convention-
ally referred to by cosmologists as the 4He mass fraction. The residual dependence
of YP on η10 results from the fact that the higher the baryon abundance, the ear-
lier the D bottleneck is breached—at a higher temperature, where the n/p ratio is
slightly higher. As a result, YP increases, but only logarithmically, with η10. The val-
ley shape of the 7Li abundance curve is a reflection of the two paths to mass-7 (see
Figure 4). At low baryon abundance, the directly produced 7Li is burned away as the
baryon abundance increases, whereas at higher baryon abundance, 7Be is synthesized
more rapidly as the baryon abundance increases in the range of interest. Eventu-
ally, at much higher η10, the 7Be will also be burned away as the baryon abundance
increases.
www.annualreviews.org • Primordial Nucleosynthesis 471
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Over the years, many have written computer codes to integrate the coupled set
of differential equations that track element production/destruction to solve for the
BBN-predicted abundances of the light nuclides. Once the cosmology is defined, the
time-temperature-density relations are known and the only uncertain inputs are the
nuclear and weak-interaction cross sections and rates. It is not surprising, indeed it is
required, that with the same input the codes should predict the same abundances as a
function of the one free parameter, the baryon abundance η10. Now that observations
of the CMB temperature fluctuations and of the distribution of LSS have become
sufficiently precise, the range of η10 of interest is considerably restricted (3): with
∼95% confidence, 5.7 η10  6.5. Within this limited range of η10, there is no need
to have access to a sophisticated, state-of-the-art BBN code, as the following simple
fits are quite accurate (to within the nuclear and weak rate uncertainties) and are
consistent with the published results of many independent BBN codes (7):
yD ≡ 105(D/H) = 2.68(1 ± 0.03)(6/η10)1.6, 6.
y3 ≡ 105(3He/H) = 1.06(1 ± 0.03)(6/η10)0.6, 7.
YP = 0.2483 ± 0.0005 + 0.0016(η10 − 6), 8.
yLi ≡ 1010(7Li/H) = 4.30(1 ± 0.1)(η10/6)2. 9.
Note that the lithium abundance is often expressed logarithmically as [Li] ≡ 12+
log(Li/H) = 2 + log yLi. The expression for YP corresponds to the currently ac-
cepted value of the neutron lifetime, τn = 885.7 ± 0.8 s (8), which normalizes the
strength of the charged-current weak interactions responsible for neutron-proton
interconversions. Changes in the currently accepted value may be accounted for by
adding 2 × 10−4(τn − 885.7) to the right side of the expression for YP. The above
abundances have been calculated under the assumption that the three flavors of ac-
tive neutrinos were populated in the pre-BBN Universe and had decoupled before e±
annihilation, prior to BBN. Although this latter is a good approximation, it is not en-
tirely accurate. Mangano et al. (9) relaxed the assumption of complete decoupling at
the time of e± annihilation, finding that in the post-e± annihilation Universe (relevant
for comparisons with the CMB and LSS) the relativistic energy density is modified
(increased) in contrast to the complete decoupling limit. This can be accounted for by
Nν (post-e± ann.) = 3 → 3.046 (9). Mangano et al. find that the effect on the BBN
yields is small, well within the uncertainties quoted above. For 4He, the predicted
relic abundance (Equation 8) increases by ∼2 × 10−4.
As an example to be explored more carefully below, if the CMB/LSS result for
the baryon abundance is adopted (η10 = 6.11 ± 0.20 at ∼1σ ), these analytic fits
predict yD = 2.60 ± 0.16, y3 = 1.05 ± 0.04, YP = 0.2487 ± 0.0006, and
[Li] = 2.65+0.05−0.06. The corresponding 95% confidence ranges are 2.3 yD  2.9,
0.97 y3  1.12, 0.247YP  0.250, and 2.53 [Li] 2.74.
2.3. Nonstandard Big Bang Nucleosynthesis: S = 1
From the preceding description of BBN, it is straightforward to anticipate the changes
in the BBN-predicted abundances when S = 1. Because D and 3He are being burned
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to 4He, a faster-than-standard expansion (S > 1) leaves less time for D and 3He
destruction and their relic abundances increase, and vice versa for a slower-than-
standard expansion. The 4He relic abundance is tied tightly to the neutron abundance
at BBN. A faster expansion provides less time for neutrons to transform into protons,
and the higher neutron fraction results in an increase in YP. The effect on the mass-7
abundance when S = 1 is a bit more complex. At low baryon abundance, 7Li is being
destroyed and S > 1 inhibits its destruction, increasing the relic abundance of mass-7.
In contrast, for high baryon abundance (η10  3), direct production of 7Be dominates
and a faster-than-standard expansion provides less time to produce mass-7, reducing
its relic abundance. Isoabundance curves for D and 4He in the S − η10 plane are
shown in Figure 6. Although, in general, access to a BBN code is necessary to track
the primordial abundances as functions of η10 and S, Kneller & Steigman (10) have
identified extremely simple but quite accurate analytic fits over a limited range in
these variables (4 η10  8, 0.85S 1.15, corresponding to 1.3Nν  5.0). For
D and 4He [including the Mangano et al. (9) correction], these are
yD ≡ 46.5(1 ± 0.03)η−1.6D ; YP ≡ (0.2386 ± 0.0006) + ηHe/625, 10.
where
ηD ≡ η10 − 6(S − 1); ηHe ≡ η10 + 100(S − 1). 11.
4 5 7 86
0.8
0.9
1.0
S
1.1
η10
Figure 6
Isoabundance curves for D
(dashed blue lines) and 4He
(solid red lines) in the
expansion rate factor
(S)–baryon abundance (η10)
plane. The 4He curves,
from bottom to top, are for
YP = 0.23, 0.24, and 0.25.
The D curves, from left to
right, are for yD = 4.0, 3.0,
and 2.0.
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Over the same high-η10 range, the fit for 7Li is
yLi ≡ (1 ± 0.1)8.5 η
2
Li, 12.
where
ηLi ≡ η10 − 3(S − 1). 13.
Note that Kneller & Steigman (10) chose the coefficients in these fits to maximize the
goodness of fit over the above ranges in η10 and S, and not to minimize the difference
between the fits and the more accurate results from the BBN code with S = 1. As a
result, although these fits differ very slightly from those in Section 2.2, they do agree
with them within the quoted 1σ errors.
As seen from Figure 6 and the above equations, D (and 7Li) is (are) most sensitive
to η10, whereas YP is most sensitive to S. Observations that constrain the abundances
of 4He and D (or 7Li) have the potential to constrain the cosmology/particle physics
parameters η10 and S. Note also that because ηD and ηLi depend very similarly on
η10 and S, constraining either the D or 7Li abundance has the potential to predict or
constrain the other:
ηLi = ηD + 3(S − 1) ≈ ηD. 14.
2.4. Nonstandard Big Bang Nucleosynthesis: ξe = 0
Although the most popular models for generating the baryon asymmetry in the Uni-
verse tie it to the lepton asymmetry, suggesting that |Lνe | ∼ ξνe ∼ η10, this assumption
is untested. An asymmetry in the electron-type neutrinos will modify the n/p ratio at
BBN that affects the primordial abundance of 4He, with smaller effects on the other
light-nuclide relic abundances. As already noted, for ξνe > 0, the n/p ratio increases
over its SBBN value, leading to an increase in the 4He yield. Isoabundance curves
for D and 4He in the ξe − η10 plane are shown in Figure 7. In this case too, Kneller
& Steigman (10) identified simple analytic fits that are quite accurate over limited
ranges in η10 and ξe (4 η10  8, –0.1 ξe  0.1):
ηD ≡
(
46.5(1 ± 0.03)
yD
)1/1.6
= η10 + 5ξe/4, 15.
ηHe ≡ 625(YP − 0.2386 ± 0.0006) = η10 − 574ξe/4, 16.
ηLi ≡ (8.5(1 ± 0.1)yLi)1/2 = η10 − 7ξe/4. 17.
As for the case of a nonstandard expansion rate, here the 4He abundance provides the
most sensitive probe of lepton asymmetry, whereas D and 7Li mainly constrain the
baryon abundance and their abundances are strongly correlated:
ηLi = ηD − 3ξe ≈ ηD. 18.
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Figure 7
Isoabundance curves for D
(dashed blue lines) and 4He
(solid red lines) in the lepton
asymmetry (ξe )–baryon
abundance (η10) plane. The
4He curves, from top to
bottom, are for YP = 0.23,
0.24, and 0.25. The D
curves, from left to right, are
for yD = 4.0, 3.0, and 2.0.
2.5. Nonstandard Big Bang Nucleosynthesis: S = 1 and ξe = 0
The two cases of nonstandard BBN discussed in the preceding sections may be com-
bined using the linear relations among the three parameters derived from observa-
tions of the relic abundances (ηD, ηHe, ηLi) and the three cosmological/particle physics
parameters (η10, S, ξe ). However, although in principle observations of the relic abun-
dances of D, 4He, and 7Li can constrain η10, S, and ξe , in practice the observational
uncertainties are too large at present to lead to useful constraints. Therefore, the
strategy in the following discussion is to use the inferred relic abundances of D and
4He to constrain the pairs {η10, S} or {η10, ξe} and to use the results to predict the
BBN abundance of 7Li.
3. THE RELIC NUCLIDES OBSERVED
In the precision era of cosmology, systematic errors have come to dominate over
statistical uncertainties. This is true, with a vengeance, of the relic abundances of the
BBN-produced light nuclides inferred from current observational data. Although the
bad news is that these largely uncontrolled systematic errors affect D, 3He, 4He, and
7Li, the good news is that each of these nuclides is observed in completely different
astronomical objects by entirely different observational techniques so that these errors
are uncorrelated. Furthermore, the post-BBN evolution of these nuclides, with its
potential to modify the relic abundances, is different for each of them.
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For example, owing to its very weak binding, any D incorporated into stars is com-
pletely burned away during the collapse of the prestellar nebula. For the same reason,
any D synthesized in stellar interiors is burned away, to 3He and beyond, before it can
be returned to the interstellar medium (ISM). As a result, the post-BBN evolution of
D is simple and monotonic: It is only destroyed, with the consequence being that D
observed anywhere at any time in the post-BBN evolution of the Universe provides
a lower bound to the primordial D abundance (11). In contrast, the post-BBN evolu-
tion of the more tightly bound 3He nucleus is more complex. Prestellar D is burned
to 3He, which, along with any prestellar 3He, may be preserved in the cooler outer
layers of stars or burned away in the hotter interiors. In addition, hydrogen burning
in the relatively cooler interiors of lower-mass stars may result in the net production
of new 3He. If this material survives the later stages of stellar evolution, it may result
in stellar-produced 3He being returned to the ISM. The bottom line is that stellar
and galactic evolution models are necessary to track the post-BBN evolution of 3He
in regions containing stellar-processed material, with the result being that the relic
abundance inferred from such observations is model dependent (12).
As gas is cycled through successive generations of stars, hydrogen is burned to
helium (4He) and beyond, with the net effect being that the post-BBN abundance of
4He increases along with the abundances of the heavier elements, “metals” such as C,
N, and O. This contamination of the relic 4He abundance by stellar-produced helium
is non-negligible, although by tracking its dependence on the metallicity (e.g., oxygen
abundance) observed in the same astrophysical sites provides a means to estimate and
correct for such pollution. In general, however, the extrapolation to zero metallicity
introduces uncertainties in the inferred 4He primordial abundance.
Finally, although 7Li is, like D, a very weakly bound nucleus, its post-BBN evo-
lution is more complicated than that of D. Whereas any 7Li in the interiors of stars
is burned away, some 7Li in the cooler outer layers of the lowest-mass, coolest stars,
where the majority of the spectra used to infer the lithium abundances are formed,
may survive. Furthermore, observations of enhanced lithium in some evolved stars
(super-lithium-rich red giants) suggest that 7Li formed in the hotter interiors of
some stars may be transported to the cooler exteriors before being destroyed. If this
lithium-rich material is returned to the ISM before being burned away, these (and
other) stars may be net lithium producers. In addition, 7Li is synthesized (along with
6Li, 9Be, and 10,11B) in nonstellar processes involving collisions of cosmic ray nuclei
(protons, alphas, and CNO nuclei) with their counterparts in the ISM. Because stellar-
synthesized CNO nuclei are necessary for spallation-produced 7Li, this provides a
correlation between 7Li and the metallicity, which may help track this component of
post-BBN lithium synthesis. However, production of 7Li via α-α fusion may occur
prior to the production of the heavier elements, mimicking relic production (13).
Below, the observations relevant to inferring the BBN abundances of each of these
nuclides are critically reviewed. We emphasize the distinction between statistical pre-
cision and the limited accuracy—which results from difficult-to-quantify systematic
uncertainties in the observational data, within the context of our understanding of
the post-BBN evolution of these relic nuclei and of the astrophysical sites where they
are observed.
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3.1. Deuterium: The Baryometer of Choice
Deuterium’s simple post-BBN evolution, combined with its sensitivity to the baryon
abundance ( yD ∝ η−1.610 ), singles it out among the relic nuclides as the baryometer of
choice. Although there are observations of D in the solar system (14) and the ISM
of the Galaxy (15), which provide interesting lower bounds to its primordial abun-
dance, any attempt to employ those data to infer the primordial abundance introduces
model-dependent, galactic evolution uncertainties. From the discussion above, the
D abundance is expected to approach its BBN value in systems of very low metal-
licity and/or those observed at earlier epochs (high redshift) in the evolution of the
Universe. As the metallicity (Z) decreases and/or the redshift (z) increases, the corre-
sponding D abundances should approach a plateau at the BBN-predicted abundance.
Access to D at high z and low Z is provided by observations of the absorption by neu-
tral gas of light emitted by distant QSOs. By comparing observations of absorption
due to D with the much larger absorption by hydrogen in these QSO absorption-line
systems (QSOALS), the nearly primordial D/H ratio may be inferred.
The identical absorption spectra of Di and Hi (modulo the ∼81 km s−1 velocity
offset that results from the isotope shift) are a severe liability, creating the potential for
confusion of Di absorption with that of an Hi interloper masquerading as Di (16). This
is exacerbated by the fact that there are many more Hi absorbers at low column density
than at high column density. As a result, it is necessary to select very carefully those
QSOALS with simple, well-understood velocity structures. This selection process is
telescope intensive, leading to the rejection of D/H determinations of many potential
QSOALS targets identified from low-resolution spectra, after having invested the
time and effort to obtain the necessary high-resolution spectra. This has drastically
limited the number of useful targets in the otherwise vast Lyman-α forest of QSO
absorption spectra (see Reference 17 for further discussion).
The higher Hi column-density absorbers (e.g., damped Lyman-α absorbers) have
advantages over the lower Hi column-density absorbers (Lyman limit systems) by
enabling observations of many lines in the Lyman series. However, a precise deter-
mination of the damped Lyman-α Hi column density using the damping wings of
the Hi absorption requires an accurate placement of the continuum, which could be
compromised by Hi interlopers, leading to the potential for systematic errors in the
inferred Hi column density. These complications are real, and the path to primor-
dial D using QSOALS has been fraught with obstacles, with some abundance claims
having had to be withdrawn or revised. As a result, despite much work utilizing some
of the largest telescopes, through 2006 there have been only six sufficiently simple
QSOALS with D detections that lead to reasonably robust abundance determinations
(see Reference 18 and further references therein). These are shown in Figure 8, in
addition to, for comparison, the corresponding solar system and ISM D abundances.
It is clear from Figure 8 that there is significant dispersion, in excess of the claimed
observational errors, among the derived D abundances at low metallicity, which, so
far, masks the anticipated primordial D plateau. This large dispersion suggests that
systematic errors, whose magnitudes are hard to estimate, may have contaminated
the determinations of (at least some of ) the Di and/or Hi column densities.
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Deuterium abundances
derived from observations
of high-redshift,
low-metallicity QSOALS as
a function of the
corresponding metallicities
(shown relative to solar on a
log scale). Also shown for
comparison are the D
abundances derived from
solar system observations
(SUN), as well as the range
in D and oxygen
abundances inferred from
observations of the ISM.
O’Meara et al. (18) choose the mean of the log of the six individual D abundances
as an estimator of the primordial D abundance, finding log(yDP) = 0.454 ± 0.036.
This choice, corresponding to yDP = 2.84+0.25−0.23, has χ2 = 18.5 for five degrees of
freedom. This author is unconvinced that the mean of the log of the individual
D abundances is the best estimator of the relic D abundance. If, instead, the χ2of
the individual yD determinations is minimized, 〈yD〉 = 2.68 and χ2min = 19.3 (for
five dof ). Although the χ2 for either of these estimators is excessive, we prefer to use
the individual yD determinations to find 〈yD〉. In an attempt to compensate for the
large dispersion among the individual yD values, the individual errors are inflated by a
factor of (χ2min/dof )
1/2 = 1.96, which leads to the following estimate of the primordial
D abundance that is adopted for the subsequent discussion:
yDP = 2.68+0.27−0.25. 19.
3.2. Helium-3
In contrast to D, which is observed in neutral gas via absorption, 3He is observed
in emission from regions of ionized gas, Hii regions. The 3He nucleus has a net
spin so that for singly ionized 3He, the analog of the 21-cm spin-flip transition in
neutral hydrogen occurs at 3.46 cm, providing the 3He observational signature. The
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The 3He abundances (by
number relative to
hydrogen) derived from
observations of Hii regions
in the Galaxy (19) as a
function of the
corresponding distances
from the galactic center (R).
The blue solar symbol
indicates the 3He
abundance for the presolar
nebula (14). The dashed
gray lines show the 1σ band
adopted by Bania et al. (19)
for an upper limit to the
primordial 3He abundance.
emission is quite weak, with the result that 3He is observed only (outside of the
solar system) in Hii regions and in a few planetary nebulae in the Galaxy. The latter
confirm the net stellar production of 3He in at least some stars. In the Galaxy, there is
a clear gradient of metallicity with distance from the center, with higher metallicity—
more stellar processing—in the center and less in the suburbs. If in the course of the
chemical evolution of the Galaxy, the abundance of 3He increases (net production) or
decreases (net destruction), a gradient in 3He abundance (with metallicity and/or with
distance) is also expected. However, as is clear from Figure 9, the data (14, 19) reveal
no statistically significant correlation between the 3He abundance and location (or
metallicity) in the Galaxy. This suggests a very delicate balance between post-BBN
net production and net destruction of 3He. For a review of the current status of 3He
evolution, see Romano et al. (20). Although the absence of a gradient suggests that the
mean 3He abundance in the Galaxy (y3 ≈ 1.9 ± 0.6) may provide a good estimate of
the primordial abundance, Bania et al. (19) instead prefer to adopt as an upper limit to
the primordial abundance the 3He abundance inferred from observations of the most
distant (from the galactic center), most metal-poor, galactic Hii region, y3P  1.1 ±
0.2 (see Figure 9). For purposes of this review, the Bania et al. (19) value is adopted
as an estimate of the primordial abundance of 3He.
y3P = 1.1 ± 0.2. 20.
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Given that the post-BBN evolution of 3He, involving competition among stellar
production, destruction, and survival, is considerably more complex and model de-
pendent than that of D, and that observations of 3He are restricted to the chemically
evolved solar system and the Galaxy, the utility of 3He as a baryometer is limited.
In the subsequent comparison of predictions and observations, 3He will mainly be
employed to provide a consistency check.
3.3. Helium-4
The post-BBN evolution of 4He is quite simple. As gas cycles through successive
generations of stars, hydrogen is burned to 4He (and beyond), increasing the 4He
abundance above its primordial value. The 4He mass fraction in the present Universe,
Y0, has received significant contributions from post-BBN stellar nucleosynthesis, so
that Y0 > YP. However, because some elements such as oxygen are produced by short-
lived massive stars and 4He is synthesized (to a greater or lesser extent) by all stars, at
very low metallicity the increase in Y should lag that in O/H, resulting in a 4He plateau,
with Y → YP as O/H → 0. Therefore, although 4He is observed in the Sun and in
galactic Hii regions, to minimize model-dependent evolutionary corrections, the key
data for inferring its primordial abundance are provided by observations of helium
and hydrogen emission lines generated from the recombination of ionized hydrogen
and helium in low-metallicity extragalactic Hii regions. The present inventory of
such regions studied for their helium content exceeds 80 [see Izotov & Thuan (IT)
(21)]. Because for such a large data set even modest observational errors can result in
an inferred primordial abundance whose formal statistical uncertainty may be quite
small, special care must be taken to include hitherto ignored or unaccounted for
systematic corrections. It is the general consensus that the present uncertainty in YP
is dominated by the latter, rather than by the former, errors.
Although astronomers have generally been long aware of important sources of
potential systematic errors (22), attempts to account for them have often been unsys-
tematic or entirely absent. When it comes to using published estimates of YP, caveat
emptor. The current conventional wisdom that the accuracy of the data demands the
inclusion of systematic errors has led to recent attempts to account for some of them
(21–28). In Figure 10, a sample of YP determinations from 1992 to 2006 is shown
(29). Most of these observationally inferred estimates (largely uncorrected for sys-
tematic errors or corrected unsystematically for some) fall below the SBBN-predicted
primordial abundance (see Section 2.2), hinting either at new physics or at the need
to account more carefully and consistently for all known systematic corrections.
Keeping in mind that more data do not necessarily translate to higher accuracy,
the largest observed, reduced, and consistently analyzed data set of helium abundance
determinations from low-metallicity extragalactic Hii regions is that from IT 2004
(21). For their full sample of more than 80 Hii regions, IT infer YITP = 0.243±0.001.
From an analysis of an a posteriori–selected subset of seven of these Hii regions, in
which they attempt to account for some of the systematic errors, IT derive a consis-
tent, slightly smaller value of YP = 0.242 ± 0.002. Both of these YP values are shown
in Figure 10. The IT analysis of this subset is typical of many of the recent attempts
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Figure 10
A sample of the
observationally inferred
primordial 4He abundances
published from 1992 to
2006 (see text). The error
bars are the quoted 1σ
uncertainties. The open red
circles are derived from
various a posteriori–selected
subsets of the IT 2004 Hii
regions. The filled blue
triangle is the value of YP
adopted in this review. Also
shown is the 1σ band for
the SBBN-predicted relic
abundance.
to include systematic corrections: Almost always only a subset of the known sources
of systematic errors is analyzed, and almost always these analyses are applied to a very
limited set (typically 1–7) of Hii regions, which have usually been selected a posteriori.
For example, Luridiana et al. (24) use photoionization models to account for
the effect of collisional excitation of Balmer lines for three (out of a total of five) Hii
regions, and extrapolate their results for the individual helium and oxygen abundances
to zero oxygen abundance using the slope of the Y-versus-O relation derived from
chemical evolution models. Their result, YP= 0.239 ± 0.002, is shown in Figure 10.
The Olive & Skillman (OS) (23) and Fukugita & Kawasaki (FK) (27) analyses
of the IT data attempt to account for the effect of underlying stellar absorption on
the helium and hydrogen emission lines. Following criteria outlined in their 2001
paper (23), OS found they could apply their analysis to only 7 of the 82 IT Hii
regions. This small data set, combined with its restricted range in metallicity (oxygen
abundance), severely limits the statistical significance of the OS conclusions. For
example, there is no evidence from the seven OS Hii regions that Y ≡ YOS − YIT
is correlated with metallicity, and the weighted mean correction and the error in its
mean are Y = 0.0029 ± 0.0032 (the average correction and its average error are
Y = 0.0009 ± 0.0095), consistent with zero at 1σ . If the weighted mean offset
is applied to the IT-derived primordial abundance of YITP = 0.243 ± 0.001, the
corrected primordial value is YIT/OSP = 0.246 ± 0.004 (where, to be conservative, the
errors have been added linearly). In contrast, OS prefer to force a fit of the seven data
points to a linear Y-versus-O/H relation and from it derive the primordial abundance.
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It is not surprising that for only seven data points spanning a relatively narrow
range in metallicity, their linear fit, YOS7 = 0.2495 ± 0.0092 + (54 ± 187) (O/H),
is not statistically significant. In particular, the large error in YP is dominated by
the very large uncertainty in the slope of the Y-versus-O relation (which includes
unphysical, negative slopes). Indeed, the OS linear fit is not preferred statistically over
the simple weighted mean of the seven OS helium abundances because the reduced χ2
(χ2/dof ) is actually higher for the linear fit. All eight Hii regions reanalyzed by OS are
consistent with a weighted mean, along with the error in the mean, of 〈Y〉 = 0.250 ±
0.002 (χ2/dof = 0.51). This result is of interest in that it provides an upper bound
to primordial helium, YP ≤ 〈Y〉 ≤ 0.254 at ∼2σ .
Fukugita & Kawasaki (27) performed a very similar analysis to that of OS using 30
of the IT Hii regions and the Small Magellanic Cloud Hii region from Peimbert et al.
(24). For this larger data set, Fukugita & Kawasaki (27) found an anticorrelation be-
tween their correction, Y, and the oxygen abundance. This flattens the FK-inferred
Y-versus-O/H relation to the extent that they too found no evidence for a statistically
significant correlation of He and oxygen abundances (dY/dZ = 1.1 ± 1.4), leading
to a zero-metallicity intercept, YFKP = 0.250±0.004. As with the OS analysis, it seems
that the most robust conclusion that can be drawn from the FK analysis is to use the
weighted mean, along with the error in the mean of their 31 Hii regions (χ2/dof =
0.58) to provide an upper bound to primordial helium: YP < 〈Y〉 = 0.253 ± 0.001 ≤
0.255 at ∼2σ .
Very recently, Peimbert, Luridiana, & Peimbert (PLP07) (28), using new atomic
data, reanalyzed five Hii regions spanning a factor of six in metallicity. Four of their
five Hii regions were in common with those analyzed by OS. PLP07, too, found
no support from the data for a positive correlation between helium and oxygen. In
Figure 11, the OS and PLP07 results for He/H and O/H (the ratios by number for
helium to hydrogen and for oxygen to hydrogen, respectively) are shown. Although
PLP07 force a model-dependent linear correlation to their data that, when extrap-
olated to zero metallicity, leads to YP = 0.247 ± 0.003, their data are better fit by
the weighted mean (χ2/dof = 0.07) and the error in the mean: 〈Y〉 = 0.251 ± 0.002,
leading to an upper bound to YP < 〈Y〉 ≤ 0.255 at ∼2σ .
There are other sources of systematic errors that have not been included in (some
of ) these and other analyses. For example, because hydrogen and helium recombi-
nation lines are used, the observations are blind to any neutral helium or hydrogen.
Estimates of the ionization correction factor (icf ), although model dependent, are
large (26). Using models of Hii regions ionized by the distribution of stars of differ-
ent masses and ages and comparing them to the IT 1998 data, Gruenwald et al. (GSV)
(26) concluded that the IT analysis overestimated the primordial 4He abundance by
YGSV(icf ) ≈ 0.006±0.002; Sauer & Jedamzik (26) found an even larger correction.
If the GSV correction is applied to the OS-revised, IT primordial abundance, the
icf-corrected value becomes YIT/OS/GSVP = 0.240 ± 0.006 (as above, the errors have
been added linearly).
The lesson from our discussion (and from Figure 10) is that although recent
attempts to determine the primordial abundance of 4He may have achieved high pre-
cision, their accuracy remains in question. The latter is limited by our understanding
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Figure 11
The Hii region
helium-to-hydrogen
(He/H) ratios (by number)
as a function of the
oxygen-to-hydrogen (O/H)
ratios (by number) from the
analyses by Olive &
Skillman (blue filled triangles
and circles) (23) and by
Peimbert et al. (red open
triangles and circles) (28). The
filled and open circles are
for the Hii regions common
to the two analyses.
of and ability to account for systematic corrections and their errors, not by the sta-
tistical uncertainties. The good news is that carefully planned and targeted studies
of the lowest-metallicity extragalactic Hii regions may go a long way toward a truly
accurate determination of YP. In the best of all worlds, a team of astronomers would
develop a well-defined observing strategy designed to acquire the data necessary to
address all the known sources of systematic error, identify an a priori–selected set of
target Hii regions, and carry out the observations and analyses. The bad news is that
too few astronomers and telescope time-allocation committee members are either
aware or convinced that this is interesting and important and worth their effort and
dedicated telescope time.
In the opinion of this author, the question of the observationally determined
value of YP (and its error) is currently unresolved. The most recent analyses (OS,
FK, PLP07) fail to find evidence for the anticipated correlation between the helium
and oxygen abundances, calling into question the model-dependent extrapolations
to zero metallicity often employed in the quest for primordial helium. Perhaps the
best that can be done at present is to adopt a defensible value for YP and, especially,
its uncertainty. To this end, the YIT/OS/GSVP estimate is chosen for the subsequent
discussion:
YP = 0.240 ± 0.006. 21.
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The adopted error is an attempt to account for the systematic as well as the statistical
uncertainties. Although the central value of YP is low, it is only slightly more than 1σ
below the SBBN-predicted central value (see Figure 10). Because systematic errors
dominate, it is unlikely that the errors are Gaussian distributed.
Alternatively, the recent analyses (e.g., OS, FK, PLP07), although differing among
themselves in detail, are in agreement on the weighted mean of the post-BBN
abundance, which can be used to provide an upper bound to YP. To this end, the
PLP07 result is adopted as an alternate constraint on (an upper bound to) YP: YP <
0.251 ± 0.002.
3.4. Lithium-7
Outside of the Sun, the solar system, and the local ISM (which are all chemically
evolved), lithium has been observed only in the absorption spectra of very old, very
metal-poor stars in the halo of the Galaxy or in similarly metal-poor galactic globular
cluster (GGC) stars. These metal-poor targets are, of course, ideal for probing the
primordial abundance of lithium. Even though lithium is easily destroyed in the hot
interiors of stars, theoretical expectations supported by observational data suggest
that although lithium may have been depleted in many stars, the overall trend is that
its galactic abundance has increased with time (see Section 3). Therefore, to probe
the BBN yield of 7Li, the key data are from the oldest, most metal-poor halo or GGC
stars in the Galaxy (expected to form a plateau in a plot of Li/H versus Fe/H) such as
those shown at low metallicity in Figure 12.
As for 4He, the history of the relic 7Li abundance determinations is an interesting
and, perhaps, cautionary tale. For example, using a set of the lowest-metallicity halo
stars, Ryan et al. (30) claimed evidence for a 0.3 dex increase in the lithium abundance,
[Li] ≡ 12 + log(Li/H), as the metallicity (measured logarithmically by the iron
abundance relative to solar) increased over the range −3.5 ≤ [Fe/H] ≤ −1. From this
trend, they derived a primordial abundance of [Li]P ≈ 2.0−2.1. This abundance is low
compared to an earlier estimate of Thorburn’s (31), who found [Li]P ≈ 2.25 ± 0.10.
One source of systematic errors is the stellar temperature scale, which plays a key
role in the connection between the observed equivalent widths and the inferred 7Li
abundance.
Studies of halo and GGC stars employing the infrared flux method effective
temperature scale suggested a higher lithium plateau abundance (32), [Li]P =
2.24 ± 0.01, similar to Thorburn’s (31) value. Melendez & Ramirez (33) reanalyzed
62 halo dwarfs using an improved infrared flux method effective temperature scale,
failing to confirm the [Li]-[Fe/H] correlation claimed by Ryan et al. (30) and finding
a higher relic lithium abundance, [Li]P = 2.37 ± 0.05. In a very detailed and careful
reanalysis of extant observations, with great attention to systematic uncertainties and
the error budget, Charbonnel & Primas (34) also found no convincing evidence for
a lithium trend with metallicity, and derived [Li]P = 2.21 ± 0.09 for their full sam-
ple and [Li]P = 2.18 ± 0.07 when they restricted their sample to unevolved (dwarf )
stars. They suggested the Melendez-Ramirez value should be corrected downward
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Figure 12
Lithium abundances,
[Li] ≡ 12+ log(Li/H),
versus metallicity (on a log
scale relative to solar) from
Reference 30 (open red
circles) and Reference 35
( filled blue circles). The
SBBN-predicted 1σ band
(see Section 2.2) is shown
for comparison.
by 0.08 dex to account for different stellar atmosphere models, thereby bringing it
into closer agreement with their results.
More recently, Asplund et al. (35) obtained and analyzed data for 24 metal-poor
halo stars (filled circles in Figure 12), taking special care to address many stellar and
atomic physics issues related to the path from the data to the abundances. The great
surprise of their results is the apparent absence of a lithium plateau; at least from their
data, the lithium abundance appears to continue to decrease with decreasing metallic-
ity. Inclusion of Ryan et al.’s data at low metallicity flattens this trend, suggesting that
[Li]P ≈ 2.1 ± 0.1. There is clearly tension (if not outright conflict) between this esti-
mate and the SBBN-predicted relic abundance of [Li]P = 2.65+0.05−0.06 (see Section 2.2).
Asplund et al. identify and discuss in some detail several possible sources of systematic
errors: systematic errors in the abundance analysis; dilution and destruction of 7Li in
the very old, very metal-poor stars; and uncertain or erroneous nuclear reaction rates
(resulting in an incorrect SBBN-predicted abundance). Asplund et al. argue that it
is unlikely that the abundance analysis errors can be large enough to bridge the gap,
and Cyburt et al. (36) have used the observed solar neutrino flux to limit the nuclear
reaction rate uncertainty, removing that too as a likely explanation. However, because
the low-metallicity halo or GGC stars used to constrain primordial lithium are among
the oldest in the Galaxy, they have had the most time to alter their surface lithium
abundances by dilution and/or destruction, as is known to be important for many
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younger, higher-metallicity stars such as the Sun. Although mixing stellar surface
material to the interior (or interior material to the surface) would destroy or dilute
any prestellar lithium, the small dispersion observed among the low-metallicity halo
star lithium abundances (in contrast to the very large spread for the higher-metallicity
stars) suggests this correction may not be large enough ( 0.1–0.2 dex at most) to
bridge the gap between theory and observation; see, for example, Pinsonneault et al.
(37) and further references therein.
In this context, Korn et al.’s (38) recent observations, coupled with stellar model-
ing, are of special interest. Korn et al. have observed stars in the globular cluster NGC
6397. The advantage of this approach is that these stars are (or should be) the same
age and metallicity. They compare their observations of lithium and iron to models
of stellar diffusion, finding evidence that both lithium and iron have settled out of the
atmospheres of these old stars. Applying their stellar models to the data they infer
for the unevolved abundances, [Fe/H] = –2.1 and [Li] = 2.54 ± 0.10, in excellent
agreement with the SBBN prediction. More such data are eagerly anticipated.
3.5. Adopted Primordial Abundances
The discussion above reveals that large uncertainties in the relic abundances, inferred
from the observational data, persist in this era of precision cosmology. Much work
remains to be done by observers and theorists alike. At present, the relic abundance
of D (the baryometer of choice) appears to be quite well constrained. Because obser-
vations of 3He are limited to the chemically evolved Galaxy, uncertain corrections to
the zero-metallicity abundance are the largest source of uncertainty in its primordial
abundance. Although there are a wealth of data on the abundances of 4He and 7Li in
metal-poor astrophysical sites, systematic corrections are the sources of the largest
uncertainties for these nuclides. For this reason, an alternate abundance is considered
for each of them (shown in parentheses below). With this in mind, the following pri-
mordial abundances are adopted for the comparison between the observations and
the theoretical predictions:
105(D/H)P ≡ yDP = 2.68+0.27−0.25, 22.
105(3He/H)P ≡ y3P = 1.1 ± 0.2, 23.
YP = 0.240 ± 0.006 (<0.251 ± 0.002), 24.
12 + log(Li/H)P ≡ 2 + log( yLi)P ≡ [Li]P = 2.1 ± 0.1(2.5 ± 0.1). 25.
4. CONFRONTATION OF THEORY WITH DATA
In the context of the standard models of cosmology and particle physics, the BBN-
predicted abundances of the light nuclides depend on only one free parameter, the
baryon abundance η10. Consistency of SBBN requires there be a unique value (or a
limited range) of η10 for which the predicted and observationally inferred abundances
of D, 3He, 4He, and 7Li agree. If they agree, then in this era of precision cosmology it
is interesting to ask if this value/range of η10 is in agreement with that inferred from
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non-BBN-related observations of the CMB and the growth of LSS. If they do not
agree, the options may be limited only by the creativity of cosmologists and physicists.
It is, of course, interesting to ask if any challenges to the standard model(s) may be re-
solved through a nonstandard expansion rate (S = 1) or a lepton asymmetry (ξe = 0).
4.1. Standard Big Bang Nucleosynthesis
Let us first put SBBN to the test. In Figure 13, the SBBN-predicted values of η10 (and
the 1σ ranges) corresponding to the observationally inferred abundances adopted
in Section 3.5 are shown. Although the SBBN-predicted lithium abundance is a
double-valued function of η10 (see Figure 5), only the higher-η10 branch is plotted
here. From D, the baryometer of choice, we find ηD = 6.0 ± 0.4. Although this
value, accurate to ∼6%, is in excellent agreement with that inferred from the less
well-constrained abundance of 3He (η3 = 5.6+2.2−1.4), the abundances of 4He and 7Li
correspond to very different—much smaller—values of the baryon abundance (ηHe =
2.7+1.2−0.9, ηLi = 4.0 ± 0.6). Because the corresponding values of η10 are outside the
ranges of applicability of the fits described in Section 2.2, the values of ηHe and ηLi in
Figure 12 are from a numerical BBN code. However, for the central value of the D-
predicted baryon abundance, the SBBN-predicted helium abundance is YP = 0.248,
only 1.3σ away from the observationally inferred value. The lithium abundance poses
4He 4He
3He
7Li
CMB/LSS
7Li
D
6 842
η
10
Figure 13
The SBBN-predicted values
of η10, and their 1σ
uncertainties (red filled
circles), corresponding to the
primordial abundances
adopted in Section 3.5, and
the non-BBN value inferred
from cosmic microwave
background radiation
(CMB) and large scale
structure (LSS) data (blue
triangle). The open circles
and dashed lines correspond
to the alternate abundances
proposed for 4He and 7Li in
Section 3.5.
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a greater challenge; for η10 ≡ ηD = 6.0, the SBBN-predicted lithium abundance,
[Li]P = 2.6, is far from the observationally inferred value of [Li]P = 2.1 ± 0.1.
It is interesting that the two nuclides that may pose challenges to SBBN are those
for which systematic corrections may change the inferred relic abundances by the
largest amounts. The alternate choices considered in Section 3.5, shown by the open
circles in Figure 13, are in much better agreement with the D and 3He determined
baryon abundance (ηHe < 7.8+1.9−1.5, ηLi = 5.4 ± 0.6).
Observations of the small temperature fluctuations in the CMB and of the LSS
they seeded currently provide the tightest constraints on the universal abundance of
baryons: ηCMB/LSS = 6.11 ± 0.20 (2, 3), as shown in Figure 13. The observationally
inferred relic abundances of D and 3He are in excellent agreement with the SBBN
predictions for this value/range of η10. Depending on the outcome of various system-
atic corrections for the primordial abundances of 4He and 7Li, the observationally
inferred abundances may or may not pose a challenge to SBBN.
4.2. Nonstandard Big Bang Nucleosynthesis
Whether or not the relic abundances of 4He and/or 7Li are consistent with SBBN,
the relic abundances, especially of D and 4He, can provide bounds on the parameters
of some general classes of nonstandard physics. The data may be used in two ways to
reveal such constraints. For example, ignoring the non-BBN (CMB/LSS) estimate
for η10, the primordial abundances of D and 4He may be used to constrain S (Nν ) or
ξe :
ηHe − ηD = −106(S − 1) = −5794 ξe . 26.
For the abundances choices (alternate) in Section 3.5,
S = 0.952 ± 0.036 (1.017 ± 0.013), ξe = 0.034 ± 0.026 (>−0.012 ± 0.009). 27.
The constraint on S corresponds to Nν = 2.42+0.43−0.41 (Nν < 3.21 ± 0.16 for the
alternate 4He abundance), whereas the 2σ range is 1.61 ≤ Nν ≤ 3.30 (Nν < 3.54).
In either case, the central values are less than ∼1.5σ away from SBBN. Indeed, it is
interesting that the 2σ upper bound to the effective number of neutrinos at BBN is
Nν ≤ 3.3 (Nν < 3.5), constraining the presence at BBN of even one additional active
or fully mixed neutrino. Nν ≤ 3.3(<3.5) also precludes the existence at that time of
a thermalized, light (relativistic) scalar for which the equivalent number of neutrinos
corresponds to Nν = 4/7. For Nν = 3, the constraint on S bounds the ratio of the
early Universe gravitational constant to its present value G′N/GN = 0.91 ± 0.07 or,
at 2σ , 0.77 ≤ G′N/GN ≤ 1.05 (< 1.09). Note that although allowing S = 1 and/or
ξe = 0 can reconcile the BBN-predicted and observed relic abundances of D and 4He,
even if all three (η10, S, ξe ) are allowed to vary, there is no combination that can resolve
the lithium problem. As seen from Equations 14 and 18, the non-SBBN-predicted
abundance of lithium remains very close to its SBBN-predicted value.
Very similar, nearly identical, constraints are found if in place of the D abundance
to constrain η10, the CMB/LSS value of η10 is employed. Here, too, the non-SBBN
value of the lithium abundance remains very close to its SBBN-predicted value.
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5. SUMMARY
Some 20 years ago, an article, “Big Bang Nucleosynthesis: Theories and Observa-
tions,” by A.M. Boesgaard and the current author appeared in the 1985 issue of the
Annual Review of Astronomy and Astrophysics (39). It is interesting to compare the con-
clusions from that review to those reached in 2006. At that time, the only data on D
came from the solar system and the local ISM of the Galaxy. As a result, potentially
large and uncertain evolutionary corrections were a barrier to constraining its pri-
mordial abundance, leading to the very large range in the relic abundance adopted
there: 1−2 < yDP < 20. With such a large uncertainty in the baryometer of choice,
all that could be inferred about the baryon abundance was that η10 < 7−10, consis-
tent with our present estimate. Although there were no observations of 3He outside
of the solar system at that time, Boesgaard & Steigman (39) noted, following Yang
et al. (40), that solar system observations of D and 3He, in addition to some very
general assumptions about the post-BBN evolution of D and 3He, suggested a bound
on the sum of the relic abundances of D and 3He: yDP + y3P < 6−10, leading to
a lower bound on the baryon abundance of η10 > 3−4, again consistent with our
present estimate. As for 4He, we argued that all high-quality data were consistent
with YP = 0.24 ± 0.02, and we cautioned that “systematic effects—and not statis-
tical uncertainties—dominate.” Plus c¸a change . . . . Then, as now, the new (at that
time) data on lithium in metal-poor stars favored yLi = 0.7−1.8, corresponding to a
very low SBBN baryon abundance of 1.6 η10  4.0. Twenty years ago, the neutron
lifetime was quite uncertain and the central value and range [900 τn(1985) 935]
were significantly different from the currently favored value [τn = 885.7 ± 0.8 (8)].
Accounting for this difference, the Boesgaard-Steigman-quoted bound (39) on the ef-
fective number of neutrinos, Nν < 3.8 (for an assumed upper bound of YP < 0.254 and
a lower bound on the baryon abundance of η10 > 3), translates to a present-day limit of
Nν < 4.0.
The past 20 years have seen dramatic increases in the amount and the precision
of cosmological data. Non-BBN data from the CMB and LSS (2, 3) constrain the
baryon abundance to high accuracy (η10 = 6.11 ± 0.20), leading to very accurate
SBBN predictions of the relic abundances of D, 3He, 4He, and 7Li (see Section 2.2).
A wealth of observational data has extended our reach on the primordial abundances
of these light nuclides. These high-precision data reinforce the importance of ac-
counting for systematic uncertainties if they are to be transformed into accurate relic
abundance estimates. At present, the SBBN-predicted and observationally inferred
primordial abundances of D and 3He are in excellent agreement, providing support
for the standard models of cosmology and particle physics. The standard cosmo-
logical model provides a concordant description of the Universe at a few minutes
and 400,000 years. Although it has profited from more high-precision data, the 4He
abundance continues to be dominated by systematic uncertainties. Nonetheless, the
predicted and observed 4He abundances agree within 2σ , leading to strong constraints
on new physics [1.6Nν  3.3 (Nν ≤ 3.5); –0.027 ξe  0.086 (ξe ≥ −0.030); see
Section 4.2]. BBN continues to provide a unique window on the early evolution of
the Universe and on its particle content.
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